
 

 

 University of Groningen

Hierarchical structure formation in supramolecular comb-shaped block copolymers
Hofman, Anton Hidde

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Hofman, A. H. (2016). Hierarchical structure formation in supramolecular comb-shaped block copolymers.
[Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://research.rug.nl/en/publications/27b16aee-6913-4ef2-a56e-742262bad71d


Chapter 5

Hierarchical Layer Engineering
Using Supramolecular
Double-Comb Diblock
Copolymers

Double-comb (or bottlebrush) diblock copolymers based on symmetric double hydrogen
bond accepting P4VP-b-PAPI diblock copolymers and donating 3-NDP amphiphiles
have been realized and studied systematically by changing the molecular weight of the
copolymer and concentration of the surfactant x. TEM and SAXS data supported the
spontaneous formation of highly ordered double parallel (low comb densities, x = 0.5)
and double perpendicular lamellae-in-lamellae (high comb densities, x = 1.0). For the
parallel morphology the number of internal layers was found to increase with molecular
weight M , up to 34 for the largest block copolymer. The number of internal structures
n was established to scale as M0.67 and therefore allows easy design of such structures
with great precision. On the other hand, sequential crystallization in the highly diluted
x = 1.0 complexes enabled formation of perpendicular lamellae, even for the shortest
block copolymer.
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5.1 Introduction

Whereas linear diblock copolymers are known to form only four different stable
structures upon self-assembly (i.e. spheres, cylinders, lamellae and gyroid),5,11,22

careful design of the macromolecular architecture or including additional blocks
can enrich the phase behavior significantly.25 For instance, binary AB multi-
block copolymers47 and A(AB)3 miktoarm star polymers188 were recently
demonstrated to give parallel lamellae-in-lamellae or extremely asymmetric
lamellae, respectively. Incorporation of a third component in linear ABC tri-
block terpolymers gave rise to an even higher morphological complexity,33 as
both the block sequence and relative magnitude of all three interaction param-
eters affect their self-assembly. As a consequence, over 30 different structures
have been observed for the linear type to date.27 However, preparation of more
complex polymeric architectures does not automatically imply the formation of
more complex structures, since reduced mobility and confinement of the junc-
tion points can hamper proper phase separation.

Inclusion of a side chain-containing block allows rapid self-assembly of the
copolymer due to reduction of the number of entanglements, and therefore of-
ten results in well-ordered structures with large domain sizes.189 Routes toward
such comb-shaped materials include both all-covalent54,117,190 and supramolecu-
lar chemistry.58,61,66,191,192 Grafting of the second block yields a so-called bottle-
brush or double-comb diblock copolymer.193 Although their semirigid structure
mostly limited the microphase separation to lamellae, the extended wormlike
conformation and high entanglement molecular weight194 allowed rapid forma-
tion of ordered structures with periodicities of over 200 nm. Several research
groups successfully utilized this property for constructing for example bottle-
brush block copolymer-based photonic crystals.84,85,115

For real-life technological applications a synthetically less challenging approach
is required. For example, a supramolecular route58,61,66,192 enables researchers
to produce comb-shaped copolymers by simply combining regular linear block
copolymers (BCPs) and small amphiphilic molecules, thereby avoiding such
complex preparation methods.44,45,84,85 Supramolecular complexes based on
poly(4-vinylpyridine) and 3-pentadecylphenol (P4VP(3-PDP)x, with x repre-
senting the number of 3-PDP molecules per monomer) are among the most stud-
ied comb-shaped systems. Since by now their phase behavior is very well under-
stood74,77 and materials are widely commercially available, several unique func-
tional materials originating from such complexes have been reported. Examples
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include temperature-responsive photonic crystals,181 CdSe/PbS nanoparticle
assemblies,195 and highly ordered Au nanocomposites in thin films128,196,197 or
solution.129

In polystyrene-containing P4VP(3-PDP)x-b-PS comb-coil diblock copolymers,
the supramolecular nature of the complex also provides an easy route for creat-
ing ordered porous structures by simple dissolution of 3-PDP. Such templates
have for instance been refilled with metal or carbon for the preparation of ac-
tuating materials21 or nanoporous cathodes,198 respectively.

From a fundamental point of view these comb-coil systems are surprisingly
interesting as well, as simultaneous self-assembly of both the comb (i.e. 3-
PDP/P4VP) and diblock (i.e. P4VP(3-PDP)x-b-PS) led to hierarchical struc-
ture formation.76 By changing the concentration of the alkylphenol or the com-
position of the parent PS-b-P4VP copolymer, self-assembly gave access to mul-
tiple classical morphologies with an additional internal structure.78 Only highly
sophisticated and synthetically challenging macromolecular architectures were
previously found to give rise to such exceptional phase behavior.

Scheme 5.1: Schematic representation of P4PA(3-NDP)x supramolecular double-
comb diblock copolymers. x represents the number of surfactants per monomer. x =
0.5 (a) and x = 1.0 (b).

Double-comb (or bottlebrush) diblock copolymers could be realized by intro-
ducing a second hydrogen bond accepting block.88 By using a single, sym-
metric P4VP-b-PAPI (P4PA) diblock copolymer, several unique morpholo-
gies were observed in [poly(4-vinylpyridine)-block-poly(N -acryloylpiperidine)]
(3-nonadecylphenol)x complexes as a function of the comb density x (Chapter
4). Besides that, both the double parallel (x = 0.5) and perpendicular align-
ment (x = 1.0) of the internal layers with respect to the large lamellar BCP
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structure were in excellent agreement with our previous theoretical82 and com-
putational work.83

Interestingly though, and in contrast to these all-covalent studies, the parallel
morphology demonstrated multiple internal layers. Although not considered
theoretically, to see whether this approach allows us to design materials with
any number of internal layers, four additional lamellar-forming P4VP-b-PAPI
block copolymers were prepared and complexed to 3-NDP (x = 0.5, Scheme
5.1a). Furthermore, in the first part a more detailed description of the highly
diluted stoichiometric x = 1.0 (Scheme 5.1b) complexes is provided by mak-
ing use of temperature-resolved measurements. Using this simple and elegant
route, both types of complexes demonstrated additional multiblock-like struc-
tures44,45 upon self-assembly.

5.2 Experimental section

5.2.1 Materials

Five symmetric (i.e. fP4VP ≈ fPAPI ≈ 0.5) P4VP-b-PAPI diblock copolymers
with molecular weights ranging from 31 up to 272 kg·mol−1 were prepared by
RAFT polymerization (Chapter 3). Exact reaction conditions are provided in
Tables 5.1 and 5.2, for the preparation of P4VP macro-CTAs and P4VP-b-
PAPI diblock copolymers, respectively. 3-NDP amphiphiles were synthesized
according to the route described in Chapter 2. All solvents were of analytical
grade.

5.2.2 Sample preparation

Neat block copolymer (BCP) bulk films were obtained by slow evaporation
of chloroform (room temperature, P4PA272k-51) or N,N -dimethylformamide
(45 ◦C, other four BCPs) based solutions (150 mg, 2 wt%) in a saturated sol-
vent atmosphere. Complete evaporation was achieved in 4 days up to one week.
Equilibrium structures of the films were checked by thermal annealing at 200 ◦C
in vacuum for at least 5 days.

P4PA(3-NDP)x complexes were prepared by dissolving the parent BCP to-
gether with the calculated amount of 3-NDP (150 mg material) in analytical
grade DMF, and casting these solutions into 4 cm diameter Petri dishes. Sim-
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ilar to the diblock copolymers, full evaporation of the solvent was achieved in
roughly 5 days. Complexes were subsequently annealed at 130 ◦C for 1 h.

Ultrathin sections (80 nm) for transmission electron microscopy (TEM) were
acquired by microtoming in epoxy (Epofix, Electron Microscopy Sciences) em-
bedded pieces of the bulk films using a Leica Ultracut UCT ultramicrotome
equipped with a 35◦ DiATOME diamond knife. Enhanced contrast was real-
ized by staining the sections with iodine for 1 to 3 h (BCPs) or 10 min up to 1
h (complexes).

5.2.3 Characterization

Molecular weights of the P4VP homopolymers and molecular weight distri-
butions (BCPs) were determined by gel permeation chromatography (GPC).
It was performed in DMF (containing 0.01 M LiBr) on a Viscotek GPCmax
equipped with model 302 TDA detectors, using a guard column (PSS-GRAM,
10 µm 5 cm) and two analytical columns (PSS-GRAM-1000/30 Å, 10 µm 30
cm) at a flow rate of 1.0 ml·min−1. Both the columns and detectors were held
at 50 ◦C. Narrow PMMA standards were used for calibration of the system and
samples were filtered over a 0.45 µm PTFE filter prior to injection. Molecu-
lar weights were calculated by applying a triple detection method (refractive
index, viscosity and light scattering) using Viscotec Omnisec software. A prede-
termined refractive index increment (dn/dc) of 0.153 ml·g−1 was used for P4VP
homopolymers.159 Molecular weights of the P4PA diblock copolymers were de-
termined by using their composition (1H-NMR) and the molecular weight of
the applied P4VP macro-CTA.

Differential scanning calorimetry (DSC) was performed on a TA Instruments
DSC Q1000 by heating the samples to 150 ◦C and cooling to −20 ◦C at a rate
of 10 ◦C·min−1. The second heating cycle was used for analysis.

Small-angle X-ray scattering (SAXS) measurements were carried out at the
Dutch-Belgian Beamline (DUBBLE) station BM26B of the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France.160,161 The sample-
to-detector distance (Dectris Pilatus 1M) of the setup was ca. 5.0 m. The
scattering vector q is defined as q = 4π/λ sin θ with 2θ being the scattering an-
gle and λ the wavelength of the X-rays (1.03 Å). The acquisition time was 3 to
5 min per sample (room temperature) or 30 s per frame (temperature-resolved
measurements).
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Sections of both iodine stained diblock copolymers and complexes were analyzed
on a Philips CM12 electron microscope operating at an accelerating voltage of
120 kV. Images were recorded on a Gatan slow-scan CCD camera. Unstained
complexes were measured at the Nanomicroscopy Center (Aalto University,
Espoo, Finland) using a 300 kV JEOL JEM-3200FSC cryo-TEM. Micrographs
collected on this instrument were taken in bright field mode using a zero-loss
energy filter (omega type) with a slit width of 20 eV and were recorded on a
Gatan Ultrascan 4000 CCD camera. The samples were kept at liquid helium
temperature for enhanced stability.

5.3 Results and discussion

5.3.1 Block copolymer synthesis and self-assembly

Prior to studying the self-assembly of 3-NDP-based supramolecular complexes,
additional symmetric (i.e. fP4VP ≈ 0.5) P4VP-b-PAPI diblock copolymers were
synthesized via RAFT polymerization. Similar to our previously reported pro-
cedure, block copolymers could be prepared by starting from a P4VP macro
chain transfer agent (Chapter 3). Higher molecular weights (> 100 kg·mol−1)
were obtained by increasing the monomer concentration, reaction time and/or
temperature (Tables 5.1 and 5.2). Due to the relatively high propagation
constants of both 4VP and API monomers, RAFT still yielded well-defined
(Mw/Mn < 1.3), high molecular weight copolymers (up to 272 kg·mol−1, Table
5.3).

The symmetric composition of P4PAyk-z (y denotes the total molecular weight
in kg·mol−1, z the mass fraction P4VP in wt%) caused all diblocks to self-
assemble into the expected lamellar structure, with its size increasing with
molecular weight (Figures 5.1a-e). Since perfect orientation of the lamellar
nanostructure with respect to the viewer’s eye can hardly ever be guaranteed,
true domain spacings were obtained from SAXS. Despite the low contrast in
these P4VP-b-PAPI diblock copolymers, the first order scattering maxima still
allowed abstraction of their periodicity (Figure 5.2). Sizes ranged from 23 up
to 146 nm (Table 5.3).
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Macro-CTA [DIBTTC] [AIBN] [AIBN]/[DIBTTC] [4VP] (M) T tR Conv. Mn,theory Mn,GPC Mw/Mn

P4VP-14k 19 1.0 1/18 3.8 70 21 57 12.8 14.2 1.13

P4VP-29k 9.8 1.0 1/10 3.7 70 20 66 26.5 28.8 1.05

P4VP-52k 6.5 0.63 1/10 6.1 70 18 50 49.3 52.0 1.11

P4VP-93k 4.6 0.55 1/8.4 7.6 70 21 48 83.9 93.4 1.09

P4VP-137k 4.3 0.51 1/8.4 8.0 80 22 64 125 137 1.09

Table 5.1: Reaction conditions and analysis of RAFT-synthesized P4VP macro-CTAs. Concentrations [DIBTTC] and [AIBN]
are in mM, temperatures T in ◦C, reaction times tR in h, conversions (Conv.) in % and molecular weights in kg·mol−1.
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BCP [P4VP] [AIBN] [AIBN]/[P4VP] [API] (M) tR Conv.

P4PA31k-47 14 1.2 1/12 1.7 19 90

P4PA57k-47 7.1 0.76 1/9.4 1.8 17 83

P4PA109k-48 4.2 0.42 1/10 2.2 19 76

P4PA189k-50 2.1 0.24 1/8.4 1.9 22 68

P4PA272k-51 1.1 0.12 1/8.7 1.9 18 56

Table 5.2: Reaction conditions for the preparation of P4VP-b-PAPI diblock copoly-
mers by RAFT. Concentrations [P4VP] and [AIBN] are in mM, reaction times tR in h
and conversions (Conv.) in %.

BCP Mn (kg·mol−1) Mw/Mn fP4VP dSAXS χN

P4PA31k-47 30.5 1.12 0.47 22.6 9

P4PA57k-47 56.5 1.06 0.47 37.2 17

P4PA109k-48 109.2 1.19 0.48 60.2 33

P4PA189k-50 188.7 1.29 0.50 93.4 57

P4PA272k-51 271.8 1.29 0.51 146 82

Table 5.3: Overview of the RAFT-synthesized symmetric P4PA diblock copolymers.
Fractions represent weight fractions, dSAXS is in nm, χ = 0.03 and N = Mn/100
g·mol−1.
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Figure 5.1: Bright field TEM images of iodine stained P4PA diblock copolymers.
P4VP appears dark. P4PA31k-47 (a), P4PA57k-47 (b), P4PA109k-48 (c), P4PA189k-
50 (d) and P4PA272k-51 (e).
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Figure 5.2: Room temperature SAXS patterns of the neat P4PA diblock copolymers.
First order scattering maxima (q*) were used for determination of the long period d.

5.3.2 P4PA(3-NDP)1.0 complexes

Even though the concentration of P4VP-b-PAPI diblock copolymer is as low
as 25 wt% in these stoichiometric (i.e. x = 1.0) supramolecular complexes,
P4PA57-47(3-NDP)1.0 was previously still found to self-assemble into a hierar-
chical double perpendicular lamellar-in-lamellar morphology (Chapter 4). Al-
though perpendicular orientation of the small 3-NDP lamellae with respect to
the large P4PA lamellae was in excellent agreement with our theoretical anal-
ysis,82 additional P4PA(3-NDP)1.0 complexes were prepared using both higher
and lower molecular weight, symmetric P4PA diblock copolymers. As opposed
to the all-covalent theoretical model, this approach, in combination with several
temperature-resolved techniques, would allow us to also include the supramolec-
ular driving forces.

The by DSC obtained thermal behavior of these complexes is demonstrated
in Figure 5.3a. Similar trends can be observed in all five P4PA(3-NDP)1.0
complexes: upon heating, each complex contains two melting events, origination
from melting of the 3-NDP combs on the PAPI (45 ◦C) and P4VP side (55 ◦C),
and a single P4VP(3-NDP) liquid crystalline to disordered transition around
70 ◦C.
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Figure 5.3: DSC thermograms of P4PA(3-NDP)1.0 (a) and P4PA(3-NDP)0.5 (b)
supramolecular double-comb diblock copolymers.

Analysis of iodine stained sections by TEM indeed showed all complexes to self-
assemble on the block copolymer level at room temperature, whereas a small,
perpendicular lamellar structure can be observed within the dark, stained P4VP
layers (Figure 5.4). The appearance of large lamellae suggests approximately
equal distribution of 3-NDP over both phases and is supported by the presence
of two distinct melting points in DSC. Small lamellae within the bright PAPI
layers can simply not be observed due to the applied staining technique.

TEM micrographs of unstained sections indeed show large regions containing
small lamellae, implying the formation of a small structure inside PAPI as
well (Figure 5.5). Although the low block copolymer contrast prevents direct
imaging of both copolymer phases, in certain cases kink bands and/or contrast
difference between domains could indicate the presence of diblock interfaces,
providing indirect evidence for the formation of double perpendicular lamellar-
in-lamellar morphologies (Scheme 5.2a).

Because of the constant comb density and the perpendicular orientation, with
increasing molecular weight the type of structure would also be expected to
remain identical. Room temperature SAXS patterns indeed confirm the for-
mation of small lamellae (dS = 3.9− 4.0 nm) on the polymer/amphiphile level
in all five supramolecular complexes (Figure 5.6). Whereas the stained TEM
images (Figure 5.4) clearly reveal the increasing size of the block copolymer
lamellae with molecular weight, scattering of a large structure in SAXS was
found to be absent. Since both large layers are composed of almost exclusively
(crystalline) 3-NDP, a low electron density contrast is likely the reason for this.
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Figure 5.4: Bright-field TEM images of stained P4PA(3-NDP)1.0 supramolecu-
lar complexes. P4VP appears dark due to staining with iodine. P4PA31k-47 (a),
P4PA57k-47 (b), P4PA109k-48 (c), P4PA189k-50 (d) and P4PA272k-51 (e).
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Figure 5.5: Unstained TEM micrographs of P4PA(3-NDP)1.0 double-comb diblock
copolymers. P4PA31k-47 (a), P4PA57k-47 (b), P4PA109k-48 (c), P4PA189k-50 (d)
and P4PA272k-51 (e).
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Despite these highly diluted systems, it is surprising to see that even the lowest
molecular weight block copolymer (P4PA31k-47) was still able to form an or-
dered structure at room temperature, also because without the addition of am-
phiphilic 3-NDP, the diblock is already closely located to the disordered regime
(χN ≈ 9). An obvious question would therefore be, why this supramolecu-
lar approach allows the formation of such well-ordered structures. In order to
achieve a better understanding of the driving forces responsible for this type of
phase behavior, all complexes were investigated by temperature-resolved SAXS
as well. Scattering as a function of temperature is provided in Figure 5.7a,
taking P4PA109k-48(3-NDP)1.0 as an example. On heating, the scattering in-
tensity of the small structure (qS = 1.6 nm−1) reduced in intensity around
50 ◦C (Tm,1 < T < Tm,2) due to melting of the 3-NDP comb on the PAPI
side. On further heating (60 ◦C, Tm,2 < T < TODT), the crystalline to liq-
uid crystalline transition75 of P4VP(3-NDP) caused this scattering maximum
to shift to qLC = 1.5 nm−1 (dLC = 4.1 nm). In this liquid crystalline state,
3-NDP amphiphiles are no longer crystallized, but still bound to the P4VP
polymer backbone, causing a slightly expanded lamellar microphase separated
morphology. Then this small structure finally disappeared at 70 ◦C, i.e. above
the order-disorder transition (T > TODT, Figure 5.8a).

Interestingly though, a large structure did appear shortly at Tm,1 < T < Tm,2
(Figure 5.8a). In between these two phase transitions, the self-assembled struc-
ture comprises alternating crystalline P4VP(3-NDP)/disordered amorphous
PAPI(3-NDP) layers, giving rise to the enhanced contrast in SAXS. Besides
that, the absence of any scattering maxima in the patterns at temperatures
above TODT indicates a disordered melt. As all transition are fully reversible (a
full heating/cooling scan is displayed Figure 5.7b), the formation of a double-
layered morphology can be understood in the opposite direction, i.e. on cooling
from a disordered melt. Transitions observed in P4PA(3-NDP)1.0 are summa-
rized schematically in Scheme 5.2.

Identical behavior was identified in all other P4PA(3-NDP)1.0 complexes (Fig-
ure 5.9). Scattering of their large length scale at Tm,1 < T < Tm,2 (Figure
5.8b) can provide an indication of the sizes of the large lamellar structure. Ex-
act numbers are given in Table 5.4.

The presence of a disordered melt is supported by our previous attempt to align
the lamellae by shear-induced alignment (P4PA57k-47, Chapter 4). Enhanced
ordering was only obtained at Tm,2 < T < TODT (a fluid, but microphase sep-
arated state), whereas shear alignment at T > TODT was unsuccessful.
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Figure 5.6: Room temperature SAXS profiles of P4PA(3-NDP)1.0 double-comb di-
block copolymers. A low electron density difference only allows observation of the small
structure (qS).

Figure 5.7: Temperature-resolved SAXS intensity patterns (heating scan, a) and full
cooling/heating scan (b) of P4PA109k-48(3-NDP)1.0 recorded at 10 ◦C·min−1.
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Figure 5.8: Temperature-dependent SAXS profiles of P4PA109k-48(3-NDP)1.0 (a).
SAXS patterns of P4PA(3-NDP)1.0 at Tm,1 < T < Tm,2 (b).

Scheme 5.2: Schematic representation of the transitions observed in P4PA(3-
NDP)1.0. Structures at T < Tm,1 (a), Tm,1 < T < Tm,2 (b), Tm,2 < T < TODT
(c) and T > TODT (d). Red (P4VP), green (PAPI).
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Figure 5.9: Temperature-resolved SAXS intensity profiles of P4PA31k-47(3-NDP)1.0
(a), P4PA57k-47(3-NDP)1.0 (b), P4PA189k-50(3-NDP)1.0 (c) and P4PA272k-51(3-
NDP)1.0 (d) (heating scans, 10 ◦C·min−1).

BCP dL (nm) dS (nm)

P4PA31k-47 37.0 4.0

P4PA57k-47 53.0 3.9

P4PA109k-48 74.7 4.0

P4PA189k-50 102 3.9

P4PA272k-51 154 3.9

Table 5.4: Overview of the characteristics of each P4PA(3-NDP)1.0 double perpendic-
ular lamellar-in-lamellar structure. dS was obtained from SAXS at room temperature
and dL at Tm,1 < T < Tm,2.
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Furthermore, rapid cooling of P4PA109k-48(3-NDP)1.0 from T > TODT re-
sulted in a highly disordered structure (Figure 5.10, breakout199), while ther-
mal annealing at Tm,2 < T < TODT gave rise to the double perpendicular
lamellar-in-lamellar morphology as depicted in Figure 5.4c. Such a thermal
treatment was however not necessary for the two lowest molecular weight com-
plexes (P4PA31k-47 and P4PA57k-47), because these double-combs are appar-
ently sufficiently mobile during crystallization of the 3-NDP side chains.

Figure 5.10: TEM image of a quenched P4PA109k-48(3-NDP)1.0 supramolecular
double-comb diblock copolymer. Breakout of the 3-NDP surfactants resulted in a
disordered large structure. P4VP appears dark due to staining with iodine.

The crystalline nature of both combs and their sequential crystallization thus
highly affected the ability to form an ordered morphology, similar to self-
assembly of semicrystalline200 and double-crystalline block copolymers,201 while
the liquid crystalline P4VP(3-NDP) block at Tm,2 < T < TODT allowed thermal
treatment and orientation of the structure. Remarkably, the double supramolec-
ular route even worked in low molecular weight complexes. This approach
could therefore also be interesting to generate sub-10 nm structures using di-
block copolymers that would otherwise be disordered in their neat, uncomplexed
state.
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BCP dL (T > Tm, nm) dL (nm) dS (nm) nSAXS nTEM nTEM,P4VP nTEM,PAPI

P4PA31k-47 18.9 17.5 4.4 4 4 2 2

P4PA57k-47 28.6 26.9 4.5 6 6 3 3

P4PA109k-48 42.5 36.8 4.4 8 8 4 4

P4PA189k-50 53.8 49.2 4.4 11 ∼ 11 5 to 6 5 to 6

P4PA272k-51 90.6 77.0 4.5 17 ∼ 17 8 9 to 10

Table 5.5: Overview of the characteristics of each P4PA(3-NDP)0.5 double parallel
lamellar-in-lamellar structure. ni is the number of internal structures (dS) and domain
spacings di were obtained from SAXS.

5.3.3 P4PA(3-NDP)0.5 complexes

At lower comb densities (x = 0.5) we indeed observed the by theory predicted
parallel orientation of the small lamellae with respect to the large structure
(Chapter 4). Unexpectedly though, each polymer phase in P4PA57k-47(3-
NDP)0.5 contained multiple internal layers. Our supramolecular and crystalliz-
able 3-NDP side chains could account for this difference, as the model assumed
a significantly less complex all-covalent, coil-based system. In order to further
study these multiblock-like structures and to understand the mechanism be-
hind their formation, four additional symmetric P4PA(3-NDP)0.5 double-comb
diblock copolymers were prepared.

Analysis by DSC revealed all complexes to be crystalline at room temperature,
although their thermograms are less defined compared to the stoichiometric
double-combs and therefore do not allow a detailed analysis (Figure 5.3b). All
P4PA(3-NDP)0.5 complexes start to melt around 35 ◦C.

When mixed with 3-NDP surfactants, TEM images of all five stained P4PA(3-
NDP)0.5 supramolecular complexes show parallel alignment of the small struc-
ture (Figures 5.11). Whereas the large length scale (BCP level) is indeed ex-
pected to increase with molecular weight, surprisingly though an increase of the
number of small, internal layers was observed as well. For instance, only two
dark P4VP lamellae can be observed in P4PA31k-47, whereas P4PA272k-51
displays an astonishing eight P4VP layers (Table 5.5).

According to room temperature SAXS patterns illustrated in Figure 5.12a, re-
gardless of the molecular weight, the small structure remains identical in all
five complexes, i.e. 4.4 to 4.5 nm (q ≈ 1.4 nm−1). Multiple scattering events
with integer-valued ratios between the first and higher ordered scattering max-
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Figure 5.11: TEM micrographs of P4PA(3-NDP)0.5 double-comb diblock copolymers.
P4VP appears dark due to staining with iodine. P4PA31k-47 (a), P4PA57k-47 (b),
P4PA109k-48 (c), P4PA189k-50 (d) and P4PA272k-51 (e).
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ima (q*, 2q*, 3q*, ..., nq*) confirm the presence of large lamellae, starting at
a spacing of 17.5 nm for P4PA31k-47(3-NDP)0.5 and going up to 77.0 nm for
P4PA272k-51(3-NDP)0.5 (Table 5.5).

Figure 5.12: SAXS intensity profiles of P4PA(3-NDP)0.5 double-combs recorded at
room temperature (a) and temperature-dependent SAXS profiles of P4PA109k-48(3-
NDP)0.5 recorded at different stages of its self-assembly (b).

Similar to the stoichiometric complexes, a large lamellar morphology implies
approximately equal distribution of 3-NDP over both P4VP and PAPI. The
diffraction patterns enable estimation of the number of layers inside the bright
PAPI phase (Figure 5.11 and Table 5.5).

Electron micrographs of unstained P4PA(3-NDP)0.5 sections presented in Fig-
ure 5.13 confirm the self-assembly of 3-NDP inside PAPI. For the low molecular
weight complexes (P4PA31k-47, P4PA57-47 and P4PA109k-48) the predictions
from SAXS are in excellent agreement with the local information provided by
TEM, while the number of layers that can be observed in P4PA189k-50 and
P4PA272k-51 fluctuate around these values. Although SAXS only provides av-
erage information, as a result of their higher molecular weights and broader
distributions, local defects as can be seen in Figures 5.13d and 5.13e are ex-
pected to appear more often in larger BCP lamellae.
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Figure 5.13: Bright field, unstained TEM images of P4PA(3-NDP)0.5 double-comb
diblock copolymers. P4PA31k-47 (a), P4PA57k-47 (b), P4PA109k-48 (c), P4PA189k-
50 (d) and P4PA272k-51 (e).
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Figure 5.14: Temperature-resolved SAXS intensity profiles of P4PA109k-48(3-
NDP)0.5 (heating scan, 10 ◦C·min−1)

Besides DSC, thermal properties of all x = 0.5 double-combs were also in-
vestigated by temperature-resolved SAXS. A heating scan of P4PA109k-48(3-
NDP)0.5 is displayed in Figure 5.14. As the large P4PA lamellar morphol-
ogy (dL = 36.8 nm) is a superposition of the parallel, internal small structure
(dS = 4.4 nm), this explains the enhanced peak intensity of the 8th order scat-
tering maximum (dL = 8dS) at room temperature. Upon melting around 35 ◦C
the small structure indeed disappeared and only a large lamellar block copoly-
mer structure continued to exist. At elevated temperatures the complex simply
followed phase behavior as observed before in PS-b-P4VP(3-PDP)x coil-comb
systems, with the alkylphenol only acting as plasticizer.124 Enhanced scattering
and an increase of the long period were observed around 100 ◦C (d = 47.6 nm).

Increased intensity of the 2nd order peak suggests an asymmetric distribution
of 3-NDP over both P4VP and PAPI phases. Instead of the integer multiples of
q* characteristic for lamellae, on further heating finally an additional peak ap-
peared at

√
7q*, indicating the formation of a cylindrical structure due to migra-

tion of more 3-NDP to the PAPI phase. Preference of 3-NDP for the acrylamide
block was observed before in a P4PA57k-47(3-NDP)0.3 complex (Chapter 4).
Most important phase transitions are highlighted in Figure 5.12b. Similar phase
behavior was observed in all other P4PA(3-NDP)0.5 complexes (Figure 5.15).
Only for the lowest molecular weight double-comb P4PA31k-47(3-NDP)0.5 a
disordered melt was found at higher temperatures (Figure 5.15a).



128 Hierarchical Layer Engineering

Figure 5.15: Temperature-resolved SAXS intensity profiles of P4PA(3-NDP)0.5:
P4PA31k-47 (a), P4PA57k-47 (b), P4PA189k-50 (c) and P4PA272k-51 (d). Heating
scans were peformed at 10 ◦C·min−1 (P4PA31k-47, P4PA189k-50 and P4PA272k-51)
or 20 ◦C·min−1 (P4PA57k-47).

Since the small structure disappears upon melting of the complex, the ability
of 3-NDP’s aliphatic tails to crystallize seems to play a very important role.
Therefore, we are convinced that microphase separation of the side chains is
only beneficial upon crystallization, similar to PAPI(3-NDP) in the x = 1.0
complexes (Chapter 4). In the melt (55 ◦C), just after disappearance of the
small structure, the size of the large lamellae is reduced significantly compared
to the neat P4PA diblock copolymers, up to 42%. In this state, the 3-NDP
surfactants simply act as a nonselective solvent, giving rise to contraction of
the polymer chains202 with the long period dL scaling to Mn

0.67 (Figure 5.16).
Maybe fortuitously, this value equals the well-known 2/3 exponent character-
istic for the strong segregation regime. Upon crystallization of the side chains
the backbone largely maintains its “random-walk” nature which was present
for T > Tm, only leading to a slight reduction of dL due to increased den-
sity of the crystalline comb layers (Table 5.5). Because the size of the small
structure dS remains identical in all complexes (≈ 4.5 nm), dL just above the
crystallization temperature determines the number of small structures n per
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long period. As a result, n is found to scale to the molecular weight in the same
way, i.e. n = dL/dS ∝ Mn

0.67. This relationship therefore allows preparation
of multiblock-like structures with any desired number of internal layers 2n.

Figure 5.16: Molecular weights of P4PA in P4PA(3-NDP)0.5 double-combs plotted
against the large length scale dL at 55 ◦C (T > Tm) and number of small repeating
structures n (= dL/dS). Both parameters (dL and n) scale as Mn

0.67.

Although a multilayered structure requires the block copolymer to pass through
several crystalline amphiphilic layers (Scheme 5.3), in comparison to a single
layer morphology such an alignment is entropically highly favorable. Further-
more, observation of a 4.5 nm dS implies formation of comb layers contain-
ing two interdigitating amphiphiles pointing in opposite directions, similar to
x = 1.0 comb copolymers.137 We believe that the combination of these two fac-
tors, i.e. this preferential alignment and maximization of entropy, is responsible
for the self-assembly into multilayered parallel lamellae-in-lamellae with a fixed
small feature size.

5.4 Conclusions

Self-assembly of symmetric P4PA(3-NDP)x supramolecular double-comb di-
block copolymers resulted in several unique nanometer-sized hierarchical struc-
tures by altering the P4PA block copolymer molecular weight or the comb
density x. The combination of two relatively simple components, i.e. a diblock
copolymer and 3-NDP surfactants, allowed easy design of multiblock-like mor-
phologies, avoiding complicated synthesis routes. All morphologies were found
to be fully thermally reversible.
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Scheme 5.3: Schematic representation of the 16-layered structure as characterized in
the P4PA109k-48(3-NDP)0.5 double-comb diblock copolymer. n = dL/dS = 8. Green
(PAPI), red (P4VP).

For high comb densities (x = 1.0) double perpendicular lamellae-in-lamellae
were identified. Despite the low concentration of P4PA copolymer, sequen-
tial crystallization in these highly diluted P4PA(3-NDP)1.0 double-combs still
allowed such complexes to self-assemble at the block copolymer length scale,
even in the shortest diblock copolymer. Lowering the concentration of 3-NDP
to x = 0.5 gave a double parallel orientation, with the number of internal lay-
ers increasing with molecular weight. The established scaling behavior of the
number of layers with molecular weight provides direct control over the internal
structure and thus enables straightforward design of parallel morphologies with
any number of internal lamellae.

Besides very interesting from a fundamental point of view, supramolecular
double-comb diblock copolymers could also be a very powerful tool for gener-
ating both well-ordered small and large structures, because of the self-assembly
at the polymer/amphiphile level and the enhanced mobility in these plasticized
systems, respectively.


